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phospholipidsThe bovine seminal plasma contains phosphocholine-binding proteins, which associate to sperm membranes
upon ejaculation. These binder-of-sperm (BSP) proteins then induce a phospholipid and cholesterol efﬂux
from these membranes. In this work, we determined physical and chemical parameters controlling this efﬂux
by characterizing the lipid extraction induced by BSP1, the most abundant of BSP protein in bull seminal plas-
ma, from model membranes with different composition. The model membranes were formed from binary
mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (Lyso-PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS) or cholesterol. Themodulation of BSP1-induced lipid extraction frommembranes by their chemical com-
position and their physical properties brings us to propose a 3-step extraction mechanism. First, the protein as-
sociates with membranes via speciﬁc binding to phosphocholine groups. Second, BSP1 penetrates in the
membrane, essentially in the external lipid leaﬂet. Third, BSP1 molecules solubilize a lipid patch coming essen-
tially from the outer lipid leaﬂet, without any lipid speciﬁcity, to ultimately form small lipid/protein auto-
assemblies. The stoichiometry of these complexes corresponds to 10–15 lipids per protein. It is also shown
thatﬂuid-phasemembranes aremore prone to BSP1-induced lipid extraction than gel-phase ones. The inhibition
of the lipid extraction in this case appears to be related to the inhibition of the protein penetration in the mem-
brane (step 2) and not to the protein association with PC head groups (step 1). These ﬁndings contribute to our
understanding of themechanism bywhich BSP1modify the lipid composition of spermmembranes, a key event
in sperm capacitation.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The bovine seminal plasma contains proteins that bind to sperm
membranes upon ejaculation [1–3]. These bovine Binder-of-SPerm
(BSP) proteins have been shown to be necessary for sperm capacitation
[4]. They consist of 3 different proteins: BSP1 and BSP3, with molar
weight around 13 kDa, and BSP5, with a 30-kDa mass [4–6]. BSP1, the
most abundant of them, accounts for 25 (w/w)% of all the proteins inthanolamine; PG, Phosphatidyl-
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rights reserved.bull seminal plasma [7,8]. It has been shown that, after binding to
sperm, BSP1 induces a cholesterol and phospholipid efﬂux from their
plasma membranes [4,8–10]. This action leads to a modiﬁcation of the
membrane lipid composition, a phenomenon that is believed to play a
key role in sperm maturation. Speciﬁc tuning of the cholesterol/phos-
pholipid ratio of the spermmembrane is an essential step to the acroso-
mal reaction [11–13], likely involving a reorganization of membrane
lipid domains or lipid rafts [4,11,12,14]. Moreover, BSP1 has recently
been shown to function as a molecular chaperone [15,16].
Several studies have led to the conclusion that BSP1 binds to sper-
matozoa via a speciﬁc interaction with phosphatidylcholines (PC) in
sperm plasma membranes. The 109-amino acid sequence of BSP1
includes two ﬁbronectin type II (Fn2) domains that are responsible
for binding the choline head groups [17–21]. A protein structure
that includes one choline group per Fn2 domain has been determined
by X-ray crystallography [20,22]. The structure reveals that the inter-
actions between the ammonium moiety of the choline group and the
π electrons of the indole ring of Trp-47 or Trp-106, and an H-bond be-
tween the oxygen of the choline phosphate group and the hydroxyl
group of nearby tyrosines (Tyr30 and Tyr54, or Tyr75 and Tyr100)
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elsewhere [23], the speciﬁc afﬁnity of BSP1 for PC has been conﬁrmed
from several approaches including Electron Spin Resonance (ESR)
[24], protein intrinsic ﬂuorescence experiments [25,26], Surface
Plasmon Resonance (SPR) [27], 31P NMR [28] and Isothermal Titration
Calorimetry (ITC) [29,30]. These experiments, carried out with model
lipid membranes, established the protein binding to PC membranes
and indicated a reduced afﬁnity of BSP1 for membranes containing
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) or
phosphatidylserine (PS) [24,25,27]. It was also reported that the
binding capacity of these model PC membranes was 1 protein for
about 10–12 lipids [24–26,29].
Bovine sperm membranes contain cholesterol; the cholesterol to
phospholipid molar ratio is estimated to be 0.38 [31]. The impact of
cholesterol on the binding of BSP1 to membranes is still controversial.
Some studies reported no direct interaction between BSP1 and
membrane-inserted cholesterol [17,32,33], whereas a recent publica-
tion identiﬁed speciﬁc cholesterol recognition amino acid consensus
(CRAC) regions in BSP1, suggesting a direct intermolecular associa-
tion of the protein with cholesterol [34]. It was reported that the pres-
ence of cholesterol in phospholipid membranes increases the afﬁnity
of BSP1 [35], decreases the binding capacity and the binding molar
energy of the protein to PC membranes [29], or has no effect on
BSP1 binding to PC membranes [26]. Cholesterol was shown to hinder
BSP1-induced leakage from PC vesicles [26].
Once bound, BSP1 induces lipid efﬂux from sperm membranes. It
was found that the extracted lipids are essentially PC [9,36],
sphingomyelin (SM) [36], and cholesterol [37]; phospholipids bear-
ing different head groups, such as PE and PS, were not signiﬁcantly
extracted from sperm membranes [36]. It has been shown that BSP1
was more efﬁcient to extract PC from the external leaﬂet of sperm
membranes relative to the inner-leaﬂet PC. It was then suggested
that this extraction preference towards the outer leaﬂet lipids was
one of the factors explaining why BSP1 would not considerably ex-
tract PE and PS from sperm membranes as these are mainly found
in the inner leaﬂet [36].
The lipid extraction induced by BSP1 is not limited to spermmem-
branes but has also been reported for other cells. For example, BSP1
similarly produces lipid extraction from ﬁbroblasts; the lipids are
extracted with a molar ratio of 20 choline phospholipids and 24 cho-
lesterols per protein [32]. Having previously shown that BSP1 exhibits
no direct interaction with cholesterol and that free choline in solution
inhibits the extraction, the authors speculated that cholesterol and
phospholipids are concomitantly extracted from the membrane
once BSP1 is bound to choline binding sites [38]. BSP1 also extracts
lipids from human erythrocytes. It was found that mainly PC and
SM were extracted by the protein but the efﬂux contained some PS
and a very limited amount of PE [36].
The study of lipid extraction by BSP1 on model systems can pro-
vide a better understanding of the physico-chemical features that
modulate this phenomenon. However, even though model mem-
branes have been widely used to characterize the afﬁnity of BSP1
for membranes, the potential of this approach, up to now, has not
been effectively exploited for studying lipid extraction. In the sparse
literature on the topic, it was shown that BSP1 can induce lipid
extraction from PC membranes [24,36]. With an incubation lipid-to-
protein molar ratio of 20, 10% of the lipids were extracted from egg
yolk-PC multilamellar vesicles (MLVs) [36]. Recently, it was reported
that BSP1 could solubilize 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(DMPG) MLVs, a phenomenon that may be associated with an ultimate
form of lipid extraction. It was also shown that the presence of 25 mol %
cholesterol in DMPC membranes did not affect BSP1-induced
membrane solubilization [24] whereas 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) MLVs were found resistant to this solu-
bilization [30].The goal of this work was to determine the chemical and physical
membrane parameters controlling lipid extraction induced by BSP1 in
order to gain insights into the mechanism of this vital phenomenon.
The BSP1-induced lipid extraction was characterized for a variety of
membrane model systems composed of different binary mixtures
for which the chemical composition, as well as the physical proper-
ties, was modulated. Since choline phosphoglycerides are the most
abundant lipid species in bull sperm membranes [31], 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) was used as the core
of these model membranes. Various proportions of POPC were
substituted by other species to examine the impact of different fea-
tures. In order to determine the inﬂuence of lipid phase propensities
on BSP1–lipid interactions, micelle-forming 1-palmitoyl-2-hydroxy-
sn-glycero-3-phosphocholine (Lyso-PC) or gel-phase inducing 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) has been included
in POPC membranes. The speciﬁc requirement of the choline head
group has been investigated by substituting POPC by 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), the negatively
charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
or cholesterol. Phosphatidylserine is the most abundant anionic phos-
pholipid in sperm membranes [31].
The lipid extraction was produced by mixing model membranes
with BSP1 and then subjecting them to freeze-and-thaw cycles, in a
similar fashion to other previous studies [24]. This procedure was es-
sential to expose the protein to all of the lipids within the MLVs, since
BSP1 has shown limited ability to translocate membranes and reach
their inner leaﬂet [36]. This approach also provided a convenient
way to isolate the extracted lipids since, after centrifugation, they
were found in the supernatant associated with BSP1 whereas the
remaining MLVs were pelleted. The freeze-and-thaw cycles were in-
deed an integral part of the lipid extraction processes. Therefore this
study examines the extractive properties of the protein within a pro-
cedure that includes freeze-and-thaw cycles. Nevertheless, this in
vitro lipid extraction is believed to be inﬂuenced and be representa-
tive of the same lipid–protein intermolecular interactions that are
controlling the in vivo process. The ability of the protein to extract
lipids and the extraction selectivity were determined for these vari-
ous systems.
2. Materials and methods
2.1. Chemicals
BSP1 was puriﬁed according to previously established protocols
[1]. POPC, lyso-PC, POPE, DPPC, and POPS were purchased from Avanti
Polar Lipids. POPC and lyso-PC were also obtained from Northern
Lipids (Vancouver, Canada), and Sigma (St Louis, Missouri), respec-
tively. Cholesterol, ethylenediaminetetraacetic acid (EDTA), NaCl,
and 3-[N-Morpholino]propanesulfonic acid (MOPS) were obtained
from Sigma. All chemicals were used as received.
2.2. Extraction
First dissolved in a benzene/methanol mixture (90/10 (v/v)), indi-
vidual lipids were mixed to obtain the desired molar ratio and then
lyophilized. The lipid powders were hydrated in a MOPS buffer
(50 mM) containing 100 mM NaCl and 100 μM EDTA. They were
submitted to 3 freeze-and-thaw cycles (from liquid nitrogen temper-
ature to 50 °C) to form MLV suspensions. BSP1 was separately
dissolved in the same buffer and quantiﬁed by absorbance using a
molar absorptivity coefﬁcient of 36,000 M−1 cm−1 at 280 nm [39].
The lipids and the protein were mixed in microcentrifuge tubes to ob-
tain 1 mg/ml of each species (providing a lipid/protein molar ratio
between 17 and 20, depending on the nature of the lipids), unless
stated otherwise. The suspensions were then frozen-and-thawed 3
times in order to favor the homogeneity of the samples. These cycles
Fig. 1. Quantiﬁcation of lipid extraction after incubation of BSP1 with MLVs of pure
POPC (■) or POPC/POPE (50/50 mol) (▲). BSP1/lipid mass ratios of 0.5, 1.0 and 2.0 cor-
respond to lipid/protein molar ratios of about 36, 18 and 9, respectively. Each point is
the mean value of 3 experiments; error bars represent standard deviations.
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to a temperature at which the lipid membranes were in the ﬂuid
state (namely room temperature or 50 °C) for a 20-minute period.
In the case of DPPC-containing samples, a series was thawed at
room temperature while a parallel series was heated to 50 °C. After
the incubation, samples were centrifuged for 5 minutes at 20,800g
and 4 °C. Centrifugation of control samples (without BSP1) showed
that more than 95% of lipids were found in the pellets, except for
some POPC/Lyso-PC mixtures as discussed below. Supernatants
were isolated and pellets were resuspended in MOPS buffer. Experi-
ments were carried out in triplicates.
2.3. Lipid analysis
The phospholipid contents in the supernatants and in the pellets
were determined by Bartlett phosphorus assay [40]. The cholesterol
content in the samples was quantiﬁed by HPLC-MS, using the method
and the conditions speciﬁed in the extraction selectivity section. The
extraction was then calculated as Extraction % ¼ lipids in supernatanttotal lipids :
2.4. Extraction selectivity
The lipid composition of the supernatants as well as of the pellets
was determined byHPLC-MS analysis carried out using anAgilent Tech-
nologies 1100 series system including a 1100 MSD mass spectrometer.
Samples were eluted on a Zorbax column (2.1×30 mm, 3.5 μmparticle
size) (Agilent Technologies), maintained at 50 °C. The following elution
gradient was used: from methanol/water (0.1% formic acid) 90/10 to
100/0 over 1 minute, then methanol for 5.5 minutes except in the
case of Lyso-PC-containing samples where the initial conditions were
80/20 methanol/water (0.1% formic acid). An ESI source was used in
the positive ionization mode. Nitrogen was used as drying gas at
250 °C and 12 l/min. Nebulizing gas was also nitrogen, held at 35 psig.
Analysis was conducted in SIM mode with a dwell time of 290 ms. Ex-
traction selectivity, or preferential extraction of POPC over other lipids,
is reported using the “POPC enrichment factor”, calculated as:
POPC enrichment f actor ¼ extraction % of POPCextraction % of the other lipidic species :
For each lipid species, Extraction % ¼ AsApþAs, where Ap and As are
the lipid peak area from the pellet and the supernatant analysis,
respectively.
2.5. Protein analysis
BSP1 was quantiﬁed using ﬂuorescence. Fluorescence intensities
(λexcitation=283 nm) at the maximum of the spectra of the super-
natant and of the pellet were directly compared to evaluate the
protein partitioning. The binding of the protein was characterized by:
Proportions of liposome bound protein ¼ Ip
Ip þ Is
;
where Ip and Is are the ﬂuorescence intensity from the pellet and the
supernatant respectively. These values do not take into account any
ﬂuorescence ampliﬁcation due to BSP1–lipid binding [25]; this ap-
proximation has however a very limited impact because, for most
systems, BSP1 was found almost exclusively in the supernatants.
The measurements were recorded using a PTI ﬂuorometer (band
widths for the excitation and emission monochromator were 1.8
and 3.6 nm, respectively). The sampling cell was kept at 20 °C. Con-
trols with the protein in the absence of lipid incubated according to
the same protocol as for the samples (i.e. frozen then thawed at
room temperature or at 50 °C) led to no pellet after centrifugation
and showed no change in the protein ﬂuorescence spectra, indicating
that the incubation conditions did not induce signiﬁcant changes of
the protein structure.The composition of the extracted materials is given by:
Lipid=protein molar ratio in efflux ¼ supernatant lipids molð Þ
supernatant protein molð Þ ;
where “Supernatant lipids” were assayed using the Bartlett assay, as
stated above, whereas “Supernatant protein” was determined as
1–“Proportion of liposome-bound protein” multiplied by the total
amount (mol) of BSP1.
3. Results
3.1. Extraction
The lipid extraction by BSP1 was ﬁrst quantiﬁed for different
protein concentrations with pure POPC or POPC/POPE (50/50 (mol))
liposomes (Fig. 1). As expected, BSP1 could extract lipids from POPC
model membranes and the fraction of extracted lipids was propor-
tional to the BSP1 concentration. When the BSP1/lipid (w/w) ratio
reached 2 (lipid/protein molar ratio of 9), between 80 and 90% of
liposomes were disrupted. For a ratio of 1 (lipid/protein molar ratio
of 18), about 60% of the lipids were extracted by the protein. This pro-
tein content was used in subsequent experiments for examining the
inﬂuence of lipid composition on the lipid extraction. The results
showed a similar behavior for POPC/POPE MLVs except that, for a
protein/lipid weight ratio of 0.5 (lipid/protein molar ratio of ~36)
and above, BSP1 extracted about 20% more lipids from POPC/POPE
MLVs compared to pure POPC MLVs.
3.2. Effect of the phase
The effect of the lipid phase propensities on the lipid extraction
was characterized by preparing MLVs with binary mixtures of phos-
phatidylcholines (Fig. 2). A proportion of micelle-forming Lyso-PC
or of gel-phase inducing DPPC was included in POPC model mem-
branes. It is reported that the micelle-forming Lyso-PC is practically
completely inserted in POPC membranes for proportions lower than
35 mol% [41]. However, our centrifugation conditions could not pellet
all the lipids in the control samples (i.e. without BSP1), suggesting
that a fraction of these lipids formed micelles. Between 10% and 30%
of the lipids were found in the supernatant after centrifugation as in-
dicated in Fig. 2. Therefore, the lipid extraction reported for LysoPC-
containing mixtures may actually be a combination of the lipid
micelles that could not be pelleted (but that may interact with
Fig. 3. Quantiﬁcation of BSP1 bound to MLVs of POPC/Lyso-PC ( ), POPC/DPPC incubated
at 50 °C ( ) or at room temperature ( ) or pure POPC (○). The lipid/BSP1 incubation
mass ratio was 1, corresponding to a molar ratio between 17 and 19 depending on the
lipid mixture. Each point is the mean value of 3 experiments; error bars represent
standard deviations.
Fig. 4. Lipid/BSP1 molar ratio in the supernatant after BSP1 incubation with MLVs of
POPC/Lyso-PC ( ), POPC/DPPC incubated at 50 °C ( ) or at room temperature ( ) or
pure POPC (○). The lipid/BSP1 incubation mass ratio was 1, corresponding to a
molar ratio between 17 and 19 depending on the lipid mixture. Each point is the
mean value of 3 experiments; error bars represent standard deviations.
Fig. 2. Quantiﬁcation of lipid extraction after incubation of BSP1 with MLVs of POPC/
Lyso-PC ( ), POPC/DPPC incubated at 50 °C ( ) or at room temperature ( ) or pure
POPC (○). Controls of POPC/Lyso-PC MLVs without BSP1 are also shown (□). The
lipid/BSP1 incubation mass ratio was 1, corresponding to a molar ratio between 17
and 19 depending on the lipid mixture. Each point is the mean value of 3 experiments;
error bars represent standard deviations.
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Lyso-PC in POPC MLVs did not appear to inﬂuence signiﬁcantly the
lipid extraction induced by BSP1. For these MLVs, about 70% of lipids
were extracted by the protein.
POPC/DPPC membranes exist in the ﬂuid or gel phase, depending
on lipid composition and temperature. The temperature of the main
gel-to-liquid crystalline phase transition is 41 and −2 °C for pure
DPPC and pure POPC respectively. At room temperature, the phase di-
agram [42] predicts exclusively gel-phase membranes below 25%
POPC, ﬂuid-phase membranes above 60% POPC, and phase coexis-
tence in between these proportions. For all POPC/DPPC MLVs, includ-
ing those formed exclusively of DPPC, BSP1 achieved a lipid extraction
equivalent to or slightly greater than that obtained with pure POPC
MLVs, when the samples were incubated at 50 °C, i.e. when the mem-
branes, irrespectively of their composition, were in the ﬂuid phase.
The situation was however different when the protein–lipid mixture
was incubated at room temperature. Under these conditions, pure
DPPC MLVs were in the gel phase and, in this case, no lipid extraction
was observed. When the POPC proportion increased from 0 up to 25
(mol) % in the POPC/DPPC MLVs, the lipid extraction also increased.
It became similar to the one obtained for samples incubated at
50 °C when the POPC proportion exceeded about 25%, a composition
for which there is a ﬂuid-gel phase coexistence [42].
The partitioning of BSP1 between the aqueous phase and the
remaining (pelleted) MLVs was determined. For the POPC/Lyso-PC
and the POPC/DPPC MLVs that were incubated with the protein in
conditions leading to ﬂuid membranes, BSP1 was exclusively present
in the supernatant (Fig. 3). In contrast, the protein was mainly found
in the pellet with DPPC liposomes when the samples were incubated
at room temperature. It appeared that the protein could bind to DPPC
MLVs in gel phase but could not extract lipids to form small self-
assemblies that remain in the supernatant after centrifugation.
Under these conditions (room temperature incubation), the propor-
tion of MLV-bound BSP1 decreased with the increased proportion of
POPC in DPPCMLVs, in parallel with the increased extraction reported
in Fig. 2. When POPC content exceeded 25%, where the formed MLVs
were partially or completely in a ﬂuid phase [42], essentially no pro-
tein was found in the pellet, as observed for these systems when they
were incubated at 50 °C. These results established that the inhibition
of the lipid extraction observed for DPPC-rich MLVs incubated at
room temperature is associated with the lipid gel phase.
The composition of the self-assemblies found in the supernatant,
resulting from the BSP1-induced lipid extraction, could be inferredfrom these analyses. It was calculated that the lipid/protein molar
ratio was about 10 for pure POPC MLVs if one assumes that all the
proteins and all the lipids in the supernatant are included in the
mixed self-assemblies resulting from the lipid extraction (Fig. 4).
BSP1 incubation with POPC/Lyso-PC mixtures gave rise to lipid/
protein ratios of about 13. In that case, it is probable that some of
the supernatant lipids were in micellar form and not necessarily
bound to proteins. POPC/DPPC liposomes, incubated in the presence
of BSP1 at 50 °C and thus in the ﬂuid phase, led to extracted lipid/
BSP1 ratios between 10 and 15. The lipid/protein self-assemblies
found in the supernatant after incubation at room temperature of
mixtures containing between 5% and 25% DPPC with BSP1 were char-
acterized by a phospholipid/BSP1 ratio between 12 and 15, these
values being similar to those observed when the mixtures were incu-
bated at 50 °C. It should be noted that very little lipids and protein
were found in the supernatant in the case of pure DPPC MLVs incu-
bated with BSP1 and, as a consequence, the lipid/protein ratio value
in the supernatant could not be determined.
Fig. 6. Wavelength of maximum BSP1 ﬂuorescence in supernatant after incubation
with MLVs of POPC/Lyso-PC ( ), POPC/DPPC at 50 °C ( ) or at room temperature
( ), POPC/POPE (▼), POPC/Chol ( ), POPS ( ), or pure POPC (○). Protein ﬂuorescence
in the pellet is shown for DPPC incubated at room temperature (△). BSP1 solution has
been measured as a control (□). The lipid/BSP1 incubation mass ratio was 1, corre-
sponding to a molar ratio between 17 and 20 depending on the lipid mixture. Each
point is the mean value of 3 experiments; error bars represent standard deviations.
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found in the supernatant. The variations of the lipid composition
relative to that of the initial liposomes are expressed in terms of POPC
enrichment in the extracted fraction. It was found that BSP1 did not
show any extraction selectivity for mixtures of POPC with either
Lyso-PC or DPPC when the samples were incubated in the ﬂuid phase
(Fig. 5). Despite the different phase propensities of these phosphatidyl-
cholines, the extracted lipidswere representative of the initial liposome
composition. In the case of POPC/DPPC MLVs incubated with BSP1 at
room temperature, it appeared that a slightly greater proportion of
POPC was extracted by the protein than that of DPPC, for mixtures
with 90–95% DPPC. This ﬁnding reinforces the hypothesis that BSP1 is
less efﬁcient to induce extraction from gel-phase membranes.
The position of the maximum of the intrinsic ﬂuorescence band of
BSP1 is sensitive to the polarity of the environment of the ﬂuorescent
amino acid side chains and, as a consequence, varies upon the binding
of the protein to a membrane. For example, it was shown to vary for
the free and the POPC-bound BSP1 from 342 to 333 nm [25]. The po-
sition of the ﬂuorescence maximum of BSP1 in the supernatant was
measured to assess its binding to a lipid phase. Our measurements in-
dicate that the emission maximum of BSP1 in the supernatant after
incubation with the lipid mixtures was ~331 nm for most systems
(Fig. 6). These results indicated a similar binding of the proteins to
the various lipid self-assemblies. In the case of the protein incubated
with pure DPPC MLVs, the ﬂuorescence maximum appeared at a
slightly higher value, 334 nm. It is possible that the structure of the
BSP1/DPPC complexes is somewhat different as all the lipid chains
are saturated and this could lead to different environments of the
tryptophans and tyrosines. It should be noted that a small shift to-
wards longer wavelengths was observed when BSP1 was incubated
at room temperature with POPC/DPPC MLVs containing 90% of DPPC
or more. It was shown that, with incubation at room temperature,
there was practically no lipid extraction with DPPC MLVs: less than
20% (see Fig. 2), and that most of the protein was associated with
the pelleted MLVs (see Fig. 3). The emission maximum of the protein
in the supernatant was 340 nm, a value in agreement with the
conclusion that BSP1 is free in solution in the supernatant. The BSP1
ﬂuorescence maximum measured for the resuspended pellet was
332 nm (see Fig. 6), conﬁrming that the protein was bound to the
remaining MLVs and was dragged with them in the pellet during
the centrifugation. When the protein was incubated at room temper-
ature with POPC/DPPC (5/95) MLVs, the protein ﬂuorescenceFig. 5. BSP1 extraction selectivity for POPC after incubation with POPC/Lyso-PC ( ),
POPC/DPPC at 50 °C ( ) or at room temperature ( ), POPC/POPE (▼), or POPC/Chol
( ) MLVs. POPC enrichment factor is given as the POPC extraction % divided by the
second species extraction %. The lipid/BSP1 incubation mass ratio was 1, corresponding
to a molar ratio between 17 and 20 depending on the lipid mixture. Points below 60%
POPC are mean values of 3 experiments, points above 60% POPC are mean values of 2
experiments; error bars represent standard deviations.maximum was 334 nm. At this point, it is not clear whether this
value slightly different to those observed for the other complexes is
associated with complexes with a slightly different structure or if it
is due to the co-existence of the lipid-bound and free forms of BSP1
in the supernatant.
3.3. Effect of the phosphocholine head group
The choline group requirement for the lipid extraction was inves-
tigated (Fig. 7). POPE-, POPS- and cholesterol-containing liposomes
with different proportion of choline (POPC) were incubated with
BSP1. Substituting POPC by POPE, up to 75%, slightly increased the
lipid extraction (from 50% to ~65% extraction). For POPE proportion
greater than 75%, the lipid extraction was inhibited; it decreased pro-
gressively with increasing POPE content to reach 0% for pure POPE
MLVs. Practically all the protein was in the supernatant for all the
POPC/POPE system (data not shown). Consequently, it was found
that the lipid/protein molar ratio in the supernatant was around 12
for POPC/POPE MLVs containing 75% POPE or less (Fig. 8). For theseFig. 7. Quantiﬁcation of lipid extraction after incubation of BSP1 with MLVs of POPC/
POPE (▼), POPC/POPS ( ), POPC/Chol ( ), or pure POPC (○). The lipid/BSP1 incuba-
tion mass ratio was 1, corresponding to a molar ratio between 17 and 20 depending
on the lipid mixture. Each point is the mean value of 3 experiments; error bars repre-
sent standard deviations.
Fig. 8. Lipid/BSP1 molar ratio in the supernatant after BSP1 incubation with MLVs of
POPC/POPE (▼), POPC/POPS ( ), POPC/Chol ( ), or pure POPC (○). The lipid/BSP1
incubation mass ratio was 1, corresponding to a molar ratio between 17 and 20
depending on the lipid mixture. Each point is the mean value of 3 experiments; error
bars represent standard deviations.
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after incubation with the MLVs corresponded to the lipid-bound
state of the protein (Fig. 6). Therefore we conclude that the lipid
extraction was not modiﬁed by the presence of 75% POPE or less in
POPC/POPE MLVs. When the mixture contained more than 75%
POPE, the lipid/protein ratio of the self-assemblies found in the super-
natant decreased (Fig. 8) in a concomitant manner with the lipid
extraction; this observation results from the fact that the protein
was found almost exclusively in the supernatant. Increasing the
POPE proportion above 75% in POPC/POPE MLVs also led to a
bathochromic shift of the ﬂuorescence of the protein in the superna-
tant. The position of the ﬂuorescence maximum obtained for pure
POPE MLVs was 341 nm, the value obtained for free protein in solu-
tion. This observation is consistent with the absence of lipid extrac-
tion. Lipid analysis revealed that POPC and POPE were extracted
with a similar efﬁciency when BSP1 induced the lipid extraction
from POPC/POPE MLVs containing less than 75 (mol)% POPE. When
the proportion was larger, speciﬁcity for POPC over POPE was
observed (Fig. 5). Under these conditions, the extraction was POPC-
enriched compared to the initial liposome composition. The extreme
value was found when BSP1 was incubated with POPC/POPE MLVs
containing only 5% POPC: it induced a small lipid extraction that in-
cluded almost 15% POPC, corresponding to an enrichment factor of
about 3.
POPC/POPS liposomes with 95% POPS or less sustained a slightly
greater lipid extraction than the one observed with pure POPC, with
extraction levels ranging from 70% to 90% (Fig. 7). Extraction from
these POPS-containing liposomes yielded to high lipid/protein molar
ratios, between 14 and 16 (Fig. 8). The ﬂuorescence maxima obtained
for BSP1 incubated with POPC/POPS MLVs corresponded to those
obtained for lipid-bound proteins (Fig. 6). These results indicate
that BSP1 proceeded to lipid extraction in a fashion similar to that ob-
served with pure POPC MLVs except that slightly more lipids per pro-
tein appeared to be extracted. Pure POPS MLVs led to only 25% of
extracted lipids, leading to a lipid/protein ratio of 5 for the self-
assemblies found in the supernatant. This value is considerably small-
er than those measured for the POPC/POPS mixtures (Fig. 7). Even
though 25% lipids were extracted, the ﬂuorescence maximum mea-
sured for BSP1 in the supernatant was 343 nm, a value corresponding
to the one measured for the free BSP1.
The addition of cholesterol (up to 30%) in POPC MLVs had little ef-
fect on the BSP1-induced lipid extraction. The proportion of extracted
lipids (Fig. 7), and the lipid/protein ratio in the supernatant (Fig. 8)for POPC/Chol system were similar to those obtained with pure
POPC MLVs. The composition of the extracted lipid fraction was sim-
ilar to the composition of the original liposome composition (Fig. 5)
so cholesterol was extracted as efﬁciently as POPC by the protein. Fi-
nally, the maximum of the protein ﬂuorescence in the supernatant
corresponded to the one obtained for BSP1 incubated with pure
POPC (Fig. 6), indicating BSP1 was bound to lipids.
4. Discussion
The present results show that BSP1 induces lipid extraction from
model membranes except in the cases where the MLVs have a very
low PC content (Fig. 5). We used a lipid/protein mass ratio of 1 for in-
cubations, for which PC-MLVs are partially solubilized, a ﬁnding in
agreement with previous results [24]. This lipid extraction is reminis-
cent of the action of BSP1 on sperm membranes [9,36,37], a phenom-
enon that has also been observed for other cell membranes including
ﬁbroblast [32,38] and red blood cells [36]. In incubation conditions
similar to the ones used in the present study, Tannert and coworkers
quantitated the lipid extraction from lipid-labeled sperm membranes
and red blood cells and showed that ~30–40% of the labeled lipids
were extracted [36]. Assuming that non-labeled lipids were extracted
as well, this leads to a stoichiometry of about 8 extracted lipids per
protein. These ﬁgures match the 50 % extraction and 9 lipids per pro-
tein reported here for POPC MLVs. These numbers do not appear,
however, to describe BSP1-induced lipid extraction in a universal
manner as, for example, the lipid extraction by BSP1 from ﬁbroblasts
yields a different extraction stoichiometry, with 20 PC and 24 choles-
terol being extracted per protein [32]. In our case, it should be noted
that extraction does not increase linearly with BSP1/Lipid ratio (see
Fig. 1). For diluted BSP1 (incubation ratio of less than 1), we obtained
increasing extraction stoichiometry, up to 40 lipids per protein in ex-
traction when a 0.13 mass ratio was used for incubation.
Few models rationalizing BSP1-induced lipid extraction have been
proposed [25,26,32]. The molecular details of the mechanism leading
to BSP1-induced lipid extraction are however not well understood.
The ﬁndings reported here, combined with the literature, suggest
the existence of a 3-step mechanism. First, BSP1 binds to membranes
via speciﬁc interactions between two lipid choline head groups and
the two Fn2 domains of BSP1. Second, the apolar region of BSP1 pen-
etrates into the outer leaﬂet of the membrane, a step driven by hydro-
phobic interactions. Finally, a certain number of BSP1 molecules
extract a fragment mainly originating from the outer leaﬂet of the
membrane, without lipid speciﬁcity, leading to the formation of
lipid/BSP1 complexes. The information associated with each step is
discussed below.
4.1. BSP1 binding to membrane
BSP1 binding to membranes via speciﬁc interactions between its
Fn2 domains and the lipid choline head group is displayed in the
present work by the complete absence of protein binding to mem-
branes exclusively formed by POPE (Fig. 7). This is in agreement
with an early binding analysis by Desnoyers et al. [17] and the analy-
sis of Anbazhagan and coworkers who showed that BSP1 could not
solubilize DMPE membranes [30]. Interestingly, the lipid extraction
from POPC/POPE MLVs when POPE content is more than 75% suggests
the extraction of about 2 POPC per BSP1. It is possible to calculate the
proportion of PC in the extracted fraction from the initial proportion
of PC in the MLVs and the corresponding enrichment factor. If one
considers that one BSP1 extracts 12 lipids, as indicated on Fig. 8, the
number of PC molecules extracted per BSP1 can be inferred. For the
3 POPC/POPE mixtures containing less than 25 (mol)%PC, such calcu-
lations lead to an average of 2.5 extracted PC/BSP1, a value close to
the expected 2. The speciﬁc binding of the protein to PC head groups
is reinforced by the BSP1 x-ray structure showing the insertion of
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the more signiﬁcant PC immobilization observed in the ESR experi-
ments [24].
Despite the speciﬁc requirement of PC for BSP1 binding, our re-
sults indicate an interaction between BSP1 and POPS as a sizable ex-
traction (30%) was measured from pure POPS MLVs. In addition, the
capacity of BSP1 to induce lipid extraction is completely recovered,
if not slightly increased, when POPS MLVs included as low as 5%
POPC. It should be noted that the position of the ﬂuorescence band
of BSP1 found in the supernatant after the incubation of POPC/POPS
MLVs with 5% and 15% POPC with BSP1 is slightly higher than that
measured for POPC-bound BSP1 (Fig. 6), suggesting different trypto-
phan and/or tyrosine environments and likely different type of struc-
tures of the resulting self-assemblies. This result is in agreement with
a previous study [25] showing that BSP1 binding to PC/PS mixed
membranes induced also a more limited change of the ﬂuorescence
intensity compared to its binding to pure PC membranes. The serine
head is negatively charged and putative electrostatic interactions
with the positively charged residues of BSP1 could contribute to the
binding. In fact, it has been shown that BSP1 displays an afﬁnity for
negatively charged PS and PG, even though this afﬁnity is not as
high as for PC [24,27,30].
4.2. BSP1 penetration in membrane
After theBSP1 binding to themembranes, it is proposed that thepro-
tein inserts into the outer leaﬂet of the MLV. BSP1 has an amphipathic
character due to the presence of hydrophobic cavities [43]. The shift of
the position of the tryptophan ﬂuorescence band for the membrane-
bound protein is indicative of a more apolar environment. Previous
studies have shown that the binding with soluble phosphocholine
(only the head group moiety) does not increase intrinsic BSP1 ﬂuores-
cence nor does it induce a blue shift as pronounced as binding with
membranes [25,44]. Previous cryo-electron microscopy (cryo-EM) and
ﬂuorescencemicroscopy investigations reported drastic changes in ves-
iclemorphologywhen liposomes are incubatedwith BSP1, including the
formation of protrusions, bead necklace self-assemblies, and small
vesicles/particles [26,45]. These structures, on the basis of the elastic
model of vesicle shape [46–48], would be compatible with an increased
relative area of the external leaﬂet, a phenomenon that was proposed to
be associated with the protein insertion.
In the present work, we observed that POPC-BSP1 incubation
without freeze-and-thaws induced only a limited extraction. This is
in agreement with a previous study that reported that only 10% of
the lipids were extracted from PC MLVs after the incubation with
the protein in the absence of freeze-and-thaw cycles [24,36]. These
ﬁndings are compatible with the penetration of BSP1 in the mem-
brane limited to the external leaﬂet. Without freeze-and-thaw cycles
during incubation, only the outer leaﬂet of the outermost bilayer of an
MLV would be exposed to the protein. The freeze-and-thaw cycles
promote a homogeneous distribution of the proteins in the sample,
ensuring a contact of the proteins with all the lipids [49,50]. The ca-
pacity of BSP1 to translocate membranes and reach the inner leaﬂet
is not established but the present results suggest that it may be limit-
ed. This conclusion is also consistent with the more efﬁcient lipid ex-
traction from the outer leaﬂet compared to that of the inner leaﬂet
[36]. We are aware that the freeze-and-thaw procedure is a rather
disturbing step that is involved in the extraction and that it differs
considerably from the in vivo conditions of the BSP1 action. We
have observed, for example, that these cycles promoted the extent
of the lipid extraction compared to plain incubation and to hydrating
solid POPC with the buffer already containing BSP1 (data not shown).
However, the freeze-and-thaw procedure, required for isolating lipids
extracted by BSP1 from the remaining MLV lipids, clearly did not rule
the extractions because large differences were observed between dif-
ferent systems; the chemical difference between phosphocholine andphosphoethanolamine and the physical difference between ﬂuid- and
gel-phase bilayers in the case of DPPC led to considerable differences
in lipid extraction (actually from all to nothing). Therefore, we con-
clude that the lipid extractions resulting from this procedure that in-
cludes freeze-and-thaw cycles and those occurring in vivo should
essentially result from the same molecular interactions and thus the
lipid fractions extracted by BSP1 in our protocol depict in a reasonable
manner the main features affecting the extraction process.
4.3. BSP1-induced lipid extraction
In the third step of the extraction mechanism, it is proposed that
BSP1 with lipids mainly from the external leaﬂet undergo a
rearrangement (that could include oligomerization of the protein),
leading to the formation of lipid/protein assemblies that leave the
membrane. The complex stoichiometry would be, according to the
present results, between 9 and 16 lipids per BSP1. This value is in
good agreement with those obtained from lipid extraction from sperm
membranes and erythrocytes [36]. The present results indicate that
this extraction is rather unspeciﬁc with regards to the lipids, provided
the presence of two PC per BSP1 to ensure the protein anchoring. We
did not observe a lipid selectivity regarding the extraction between
POPC, Lyso-PC, DPPC, POPE, POPS and cholesterol. Our results show
that, except when membranes do not contain enough PC to ensure
BSP1 binding, PS and PE are extracted by BSP1 as efﬁciently as PC, the
extraction being representative of the liposome composition. This is
valid even formembraneswhere the proportions of PCwere rather lim-
ited (30 (mol)%). Such mechanism support the hypothesis that the
large proportion of PC obtained in lipid extraction from sperm mem-
branes is essentially due to the fact that the protein extracts mainly
lipids from the outer leaﬂet, a leaﬂet rich in PC [36]. The lipid extraction
from the outer leaﬂet of the membranes must eventually lead to lipid
redistribution in the membrane in order to maintain the bilayer struc-
ture. Such phenomenon would take place when there is a considerable
lipid extraction. This situation could actually take placewhen there is an
extended contact between BSP1 and sperm cells. This could be the ori-
gin of the detrimental interaction of BSP1 on sperm survival when ejac-
ulates are collected for artiﬁcial inseminations [4].
The present results reveal the binding of BSP1 to DPPC MLVs
(Fig. 3) but also the incapacity for the protein to extract lipids from
these membranes when the incubation was carried out at room tem-
perature (Fig. 2), when pure DPPC MLVs were in gel phase. In this
case, either the penetration in the membrane or the solubilization of
a membrane patch was hindered by a tight packing of the lipid chains.
As shown on Fig. 2, incubation of DPPC MLVs with BSP1 at 50 °C,
which brought these membranes in the ﬂuid phase, induced an ex-
traction identical to that observed for POPC. It is concluded that, de-
spite the BSP1 binding to gel-phase DPPC MLVs, as assessed by the
protein intrinsic ﬂuorescence, the extraction process can only take
place with ﬂuid-phase membranes. It must be noted that BSP1 in-
duced a small extraction from gel-phase DPPC MLVs containing 5 or
10% POPC (Fig. 2). Even though the phase diagram of this phospholip-
id mixture indicates that these membranes should be in the gel phase
at room temperature [42], it appeared that the presence of a small
amount of POPC was sufﬁcient to induce some lipid extraction. The
extraction was however enriched in POPC, reinforcing the idea that
ﬂuid phase promotes lipid extraction. The favored POPC extraction
led to a reduced POPC content in the remaining DPPC MLVs and this
consequence may have impeded further phospholipid extraction.
The general solubilization ofmembrane patch by BSP1 provides a ra-
tionale for the extraction of cholesterol without evoking a direct inter-
action between BSP1 and cholesterol; phospholipids and cholesterol
would be concomitantly extracted, as previously hypothesized [38].
This conclusion is in agreement with a previous study indicating that
the solubilization of DMPC membranes by BSP1 was almost unaffected
by the presence of 25 mol % cholesterol [24]. The determination of the
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of the protein [26] and ITC measurements [30] showed that cholesterol
had little effect on BSP1 afﬁnity to PC. It should be noted however that
some previous reports concluded that cholesterol addition to PC mem-
branes inhibited BSP1 activity on liposomes. For example, it was shown
that 30 mol% cholesterol in 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) small unilamellar vesicles (SUVs) limited BSP1-induced leakage
of the entrapped ﬂuorophore from the vesicles [26]. An ITC study con-
cluded that the presence of cholesterol in POPC bilayers reduced drasti-
cally the capacity of the membranes to bind BSP1 [29]. A SPR study
showed that the presence of cholesterol in the supported bilayers
inhibited the lipid extraction induced by BSP1 [27]. These results indi-
cate that BSP1 interactions can bemodulated by cholesterol and this in-
ﬂuence is dependent on factors that remain to be identiﬁed. BSP1
binding, the membrane permeability perturbation and the lipid extrac-
tion may not be affected by the presence of cholesterol in the mem-
brane in the same fashion. For example, it has been reported that
addition of 30% cholesterol to POPC bilayers prevented BSP1-induced
leakage of the liposome content, but had no effect on protein binding
to the bilayers [26]. In addition, SUVs, MLVs and supported bilayers
may not interact in an identical waywith BSP1. Itwas actually previous-
ly suggested that the size of liposomes (and thus lipid plane curvature),
which is different for these 3 lipid self-assemblies, impacts on BSP1-
membrane interactions [24].
4.4. Lipid/BSP1 auto-assemblies
The knowledge regarding the structure of lipid/BSP1 complexes
resulting from the membrane lipid extraction is very limited. Their
stoichiometry corresponds to about 10 to 15 lipids per BSP1. They
cannot be pelleted by centrifugation. The structures resulting from
the lipid extraction from ﬁbroblasts were proposed to have a diame-
ter of about 80 nm, as assessed by gel ﬁltration chromatography [32].
Spherical membrane fragments of about 10-nm diameter resulting
from the interaction of BSP1 with DOPC SUVs were observed by trans-
mission electron microscopy [26]. Cryo-electron microscopy and ﬂuo-
rescence microscopy reported the presence of various structures after
the incubation of POPC MLVs with BSP1, including tubes, small vesi-
cles and spiral-like threads [45]. The later nanostructures would likely
not be pelleted under our centrifugation conditions and were pro-
posed to correspond to the lipid/protein complexes resulting of the
lipid extraction. Additional investigations are required to determine
the molecular details of these complexes.
In conclusion, the ﬁnding of the present study proposes a three-step
mechanism for the BSP1-induced lipid extraction from sperm mem-
branes. It appears that the presence of PC is essential for the protein bind-
ing but, once BSP1 is associated with the membrane, the resulting lipid
extraction shows practically no speciﬁcity. The putative impact of this
non lipid-speciﬁc membrane perturbation caused by BSP1 on sperm ca-
pacitation as well as on sperm preservation should be examined.
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